Fatty acids and monoglycerides were evaluated in brain heart infusion broth and in milk for antimicrobial activity against the Scott A strain of Listeria monocytogenes. C12:0, C18:3, and glyceryl monolaurate (monolaurin) had the strongest activity in brain heart infusion broth and were bactericidal at 10 to 20 ,ug/ml, whereas potassium (K)-conjugated linoleic acids and C18:2 were bactericidal at 50 to 200 ,ug/ml. C14:0, C16:0W C18:09 C18:1l glyceryl monomyristate, and glyceryl monopalmitate were not inhibitory at 200 ,ug/ml. The bactericidal activity in brain heart infusion broth was higher at pH 5 than at pH 6. In whole milk and skim milk, K-conjugated linoleic acid was bacteriostatic and prolonged the lag phase especially at 4°C. Monolaurin inactivated L. monocytogenes in skim milk at 4°C, but was less inhibitory at 23°C. Monolaurin did not inhibit L. monocytogenes in whole milk because of the higher fat content. Other fatty acids tested were not effective in whole or skim milk. Our results suggest that K-conjugated linoleic acids or monolaurin could be used as an inhibitory agent against L. monocytogenes in dairy foods.
Listeria monocytogenes was recognized as a significant human food-borne pathogen in the 1980s and continues to be a major concern in the food industry (5, 19) . The pathogen has been isolated from the food-processing environment and finished food products. Among these products, L. monocytogenes has been found in a variety of dairy foods (5, 19) . Because L. monocytogenes can grow slowly at refrigeration temperature, control of the organism is of particular concern in minimally processed refrigerated foods with an extended shelf life (5, 14) . For control of L. monocytogenes in these foods, it often becomes necessary to incorporate barriers, including preservatives (5, 14, 19) .
Trace quantities of certain long-chain fatty acids have been known to inhibit microorganisms, especially grampositive bacteria (11, 16) . Susceptibility to fatty acids varies considerably among species. Certain mastitis pathogens were sensitive to trace quantities of fatty acids (9) . Foodborne pathogens including Clostridium botulinum, Clostridium perfringens, and Staphylococcus aureus were also sensitive to certain fatty acids and monoglycerides (2, 7, 17, 20) . Arachidonic acid was reported to have bactericidal activity against several gram-positive bacteria including L. monocytogenes (13) . Recently, fractions of free fatty acids extracted from butter and lard were reported to have in vitro activity against L. monocytogenes (3).
Our laboratory has been investigating naturally occurring compounds in foods that have inhibitory activity against food-borne pathogens. The objectives of this study were to determine the in vitro susceptibility of L. monocytogenes to various fatty acids commonly present in bovine milk fat and to test the activity of the fatty compounds in milk. Our results indicate that L. monocytogenes is quite sensitive to certain fatty acids and that it may be possible to develop an antimicrobial system based on fatty acids for inhibition of L. monocytogenes in foods.
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MATERIALS AND METHODS
Sources and preparation of fatty acids. Fatty acids (C12:0, C14:0, C16:0, C18:0, C18:1, C18:2, and C18:3) and monoglycerides of lauric acid, myristic acid, and palmitic acid were obtained from Sigma Chemical Co., St. Louis, Mo. They were reported by the manufacturer to be >99.9% pure. CLA (conjugated isomers of linoleic acids) and its potassium salt was a generous gift of M. W. Pariza's laboratory, University of Wisconsin. Stock solutions of fatty acids were prepared in absolute ethanol and stored at -80°C under nitrogen. Potassium (K)-CLA was prepared in 50% ethanol. The fatty acids were added to media or to foods just prior to inoculation to give final concentrations of 2, 20, and 200 jig/ml. In the screening in brain heart infusion (BHI), the ethanol concentration was 3%, which was not inhibitory to L. monocytogenes. In the food studies, control incubations received equal quantities of ethanol (1 to 2%), which had no effect on the growth or viability of the pathogen.
Bacteria, growth media, and enumeration. L. concentrations of 50 and 300 ,ug/ml, respectively (Fig. 1) . L. monocytogenes was more strongly inhibited at 4°C. Addition of K-CLA at 100 to 300 ,ug/ml extended the lag phase in whole milk by 5 to 18 days at 4°C compared with the control (Fig. 2) .
Sodium citrate is commonly used as an emulsifier and chelating agent in many food applications. Combining K-CLA (200 jig/ml) with sodium citrate (2,000 ,ug/ml) increased the effectiveness of K-CLA in whole milk (Fig. 3) , probably by increasing the solubility of CLA. The influence of certain antioxidants on the inhibitory activity of K-CLA was evaluated. Butylated hydroxyanisole (100 to 200 ,ug/ml) potentiated the inhibitory activity of K-CLA in whole and skim milk (Table 2) , whereas butylated hydroxyanisole alone was not inhibitory. Ascorbate (vitamin C) and a-tocopherol (vitamin E) at 100 to 200 ,ug/ml also enhanced the inhibitory activity of K-CLA in skim and whole milk ( Table 2) .
In contrast to the bacteriostatic activity observed with CLA, monolaurin was bactericidal at .200 ,ug/ml in skim milk at 4°C (Fig. 4) . Growth of L. monocytogenes was not detected for up to 30 days in skim milk containing 200 ,ug of monolaurin per ml, whereas at 100 ,ug/ml growth started after 12 to 14 days. The antimicrobial activity of monolaurin in skim milk was temperature dependent. Monolaurin was listericidal at 4°C but was not inhibitory at 30°C (Fig. 5) . Monolaurin alone did not inhibit L. monocytogenes in whole milk. Its inactivity in whole milk compared with skim milk could be due to its sequestration by fat globules or lipophilic proteins. This was supported by experiments showing that inhibitory activity varied inversely with the fat content in milk (Table 3) . Although monolaurin alone was not inhibitory against L. monocytogenes in whole milk, it increased the activity of K-CLA in both skim and whole milk ( Table 2) .
We also observed that monolaurin more strongly inhibited L. monocytogenes in 2% chocolate milk than in 2% milk at 4°C (Table 2 ). This may be due to the presence of cocoa, neous ( Fig. 6a and b ). Cells treated with 50 ,ug of monolaurin per ml had marked morphological changes (Fig. 6c) (2, 7, 17) . (11) . In some foods, the use of fatty acids as inhibitors could be undesirable because they can affect the organoleptic and functional properties (1, 12) .
An intriguing and unresolved question concerns the mechanism by which fatty acids are bactericidal to cells. Cellular membranes have long been regarded as a primary target for antimicrobial fatty acids (6) . Fatty acids have been demonstrated to affect cell permeability and transport of nutrients (8) . Recent studies have indicated that micromolar concentrations of fatty acids can affect the activity of enzymes in the cell membrane (21, 22) . Polyunsaturated fatty acids have also been reported to inhibit organisms through autoxidation and formation of peroxides and radicals (10) . Knapp and Melly (13) reported that the bactericidal effects of polyunsaturated fatty acids were mediated by a peroxidative process involving hydrogen peroxide and bacterial iron. Our results showed that linolenic acid (C18:3) was more inhibitory than linoleic acid (C18:2) and oleic acid (C18l:) in BHI, which would be consistent with a peroxidative mechanism. However, lauric acid, which is saturated and does not readily autoxidize, was the most inhibitory of the fatty acids tested. Furthermore, L. monocytogenes survives in macrophages and probably has considerable natural resistance to peroxides and organic radicals. Further work is being carried out to understand the mechanism of inhibition of L. monocytogenes.
In conclusion, we have found that certain fatty acids are inhibitory to L. monocytogenes in media and in milk, particularly at refrigeration temperatures. The activity we observed at low temperature suggests that fatty acids could be added or generated and could serve as barriers to prevent growth of L. monocytogenes in refrigerated foods when processing or intrinsic protection is inadequate.
